Abstract. The transport of huge amounts of small aquatic organisms in the ballast tanks and at the hull of large cargo ships leads to ever increasing rates of marine bioinvasion. In this study, we apply a network theoretic approach to examine the introduction of invasive species into new ports by global shipping. This is the first stage of the invasion process where it is still possible to intervene with regulating measures. We compile a selection of widely used and newly developed network properties and apply these to analyse the structure and spread characteristics of the directed and weighted global cargo ship network (GCSN). Our results reveal that the GCSN is highly efficient, shows small world characteristics and is positive assortative, indicating that quick spread of invasive organisms between ports is likely. The GCSN shows strong community structure and contains two large communities, the Atlantic and Pacific trading groups. Ports that appear as connector hubs and are of high centralities are the Suez and Panama Canal, Singapore and Shanghai. Furthermore, from robustness analyses and the network's percolation behaviour, we evaluate differences of onboard and in-port ballast water treatment, set them into context with previous studies and advise bioinvasion management strategies.
Introduction
Biological invasions are geographical expansions of a species into areas not previously occupied by it. This is a natural process. However, lately bioinvasion events occur at extremely accelerated rates due to human actions, sometimes by deliberate introductions, but often accidentally [1] [2] [3] [4] . Such increased rates of bioinvasion greatly threaten biodiversity and ecosystem functioning worldwide [5, 6] . Additionally, they cause damages of human facilities, impact the economy, and pose unpredictable hazards to our health and livelihood [7] [8] [9] . Bioinvasion is a three stage process consisting of the introduction, establishment and proliferation of the invasive organisms [1, 10] . Introduction is the stage where man can still intervene and the prevention of bioinvasion events may be possible. However, this phase of bioinvasion is least studied up to now [11] , which motivated us to conduct the present study.
Bioinvasion of marine organisms is leading to an ever increasing level of homogenisation of the world oceans' ecosystems [12, 13] . In some cases the introduction of exotic species has even caused habitat destruction and ecosystem degeneration, e.g. the introduction of Caulerpa taxifolia in the Mediterranean [14] and the pronounced fishing declines after invasion of Mnemiopsis leydii in the a e-mail: a.koelzsch@nioo.knaw.nl Black Sea [15] . There are different vectors by which marine bioinvasive organisms can be spread. A large number of small organisms is transported by cargo ships between the ports of the world, mainly due to two different mechanisms. First, organisms can be transported over large distances by the exchange of ballast water [16] . It has been estimated that 3 to 4 billion tons of ballast water are released into the world's oceans per year [17] . Thereby, plankton, larval molluscs and small fishes travel within these huge amounts of ships' ballast water and are released again when the ballast water is discharged at destination ports. Plankton samples from several cargo ships from Japanese ports e.g. contained at least 367 different taxa [17, 18] . For bioinvasion success one has to consider that most species are very sensitive to oxygen depletion in the ballast water tanks and high salinity of open seas water [3, 18, 19] . Second, besides the transport by ballast water exchange, a large number of invasive organisms can also be attached to the ships' hulls and thus be transported into new habitats [20] . Approximately 90% of the present world trade is being transported by ships and trade volumes increase greatly every year [21, 22] . Therefore, a huge number of large cargo ships travel the world's oceans at ever increasing rates, thereby advancing levels of marine bioinvasion. For containment thereof the applicability of several ballast water management and anti-fouling options are presently 602 The European Physical Journal B discussed more or less controversially [23, 24] . Ballast water may e.g. be chemically cleaned in the ships' tanks, exchanged in the open sea or pumped safely through water exchange facilities of certain ports. A third, important way of marine bioinvasion is introduction by aquaculture. However, here we want to focus on and examine ocean shipping as the main vector of transport of marine bioinvasive organisms.
In this letter we apply techniques from complex network theory to study the potential for bioinvasive spread in the network of global shipping connections and to identify important donor and recipient ports. Network theory has become a widely applied and rather diverse field of study in physics, social sciences, transportation, ecology and epidemiology [25] [26] [27] . In several studies habitat patches were modelled as nodes that are linked by dispersal events. The spread of SARS during 2002/2003, for example, has been reasonably well reproduced simulating propagation dynamics on the worldwide airport network [28] . Many different measures have been developed to characterise real-world networks and applied to a variety of systems [29] . Often unexpected properties were revealed and similarities and differences to other networks became obvious. So, for example, in various large and very complex networks (i) pairs of nodes are connected by paths of only few consecutive links and (ii) nodes are locally densely clustered. These two properties have been summarised as "small world behaviour" [30] , indicating that any pair of nodes is surprisingly well connected.
The global network of shipping connections, similar to other transportation networks, is a typical example for a geographically embedded network [31] . Recently, Drake and Lodge [32] have developed a global network of ship traffic from information on the inflow and outflow of goods in a number of ports worldwide based on gravity models, i.e. assuming spatially homogeneous trade flows [33] . A description in terms of gravity models however is necessarily crude since world trade and ship traffic are very heterogeneous, much influenced by cultural and political issues (see also [34] ). Nevertheless, this network has been used in combination with the worldwide airport network [35] and climate information for studying disease dispersal by global traffic [9] . For improvement maritime shipping networks were reconstructed that take into account real shipping data [36] [37] [38] . In particular, we and others developed the global cargo ship network (GCSN) from real cargo ship trajectories based on Automatic Identification System (AIS) data [38] . Beside some overall structural similarities we find several differences between our network, the GCSN, and the shipping network developed from gravity models. Already the number and list of ports differs greatly. For example, there are many important ports that have not been included in [32] , since the list of ship trade [39] that was used is not complete. On the other hand there are a number of ports that are not present in the GCSN, mainly African ports. However, when considering the small amount of trade that is transacted through these ports, they may not be very important for large scale consideration of bioinvasion by ships. Thus, we propose that the GCSN is more appropriate for quantification and analysis of marine bioinvasion by ballast water transport and hull fouling.
In this study we examine structural and spread characteristics of the directed GCSN by applying a selection of network measures. These measures include characteristics such as small world properties, network efficiency and assortativity, but also consider measures that indicate community structure, port centrality and network robustness. We explain how these measures allow assertions about invasion spread and extract preliminary indications of the importance of different ports and trade structures for bioinvasion. Furthermore, we quantify how node deletions, i.e. application of ballast water treatment in ports, can affect bioinvasion spread on the GCSN and which transmission rates are of concern. Applying network measures for bioinvasion predictions and evaluation has the advantage that no complicated models have to be developed and no costly and time consuming field studies be conducted. Thus, already by simple examination of transportation vector networks, preliminary indications of spread characteristics can be derived for decision making authorities.
Methods
Because of the strong sensitivity of invasion success to travel conditions and propagule pressure it is very important to consider travel frequency and the duration of transport. Therefore, we consider it crucial to analyse the weighted cargo ship network for indications of the structural importance and dynamical properties of marine bioinvasive spread. In some cases we additionally analysed the unweighted and even the geographically embedded network for comparison. Many links in the GCSN are unidirectional, i.e. the network is highly asymmetric [38] . As this may be important for the patterns of spread, we retain the directionality of the GCSN for all analyses. Since most network measures have been developed for unweighted networks (but see e.g. [40]), we provide a summary of characteristics that are useful for spread analyses in directed, weighted networks (see Tab. 2).
Small world characteristics
One of the most important network properties for transportation is its connectivity. A quantitative concept of such a characterisation was introduced in [41] . It is based on directed topological or geographical distances between nodes and includes calculations of the local and global efficiencies, E loc and E glob , and the network cost c (see Tab. 1). High local and global efficiencies in combination with low cost indicate small world behaviour. This definition differs from the classical concept of small worlds (see above, [30] ).
We calculated efficiencies and network cost for the topological as well as the geographically embedded GCSN,
